Introduction
============

Accurate acidity (p*K*~a~) scales[@cit1] are indispensable tools for understanding many fundamental relationships in chemistry.[@cit2] Consequently, various p*K*~a~ scales have been established in conventional molecular solvents in the past,[@cit1] and also, in some aprotic ionic liquids (AILs) quite recently.[@cit3],[@cit4] The latter has been encouraged by the rapid increase of research activities in this rising mainstream solvent category, due to its amazing features and great potential for promoting new chemistry.[@cit5]

As an important subset, protic ILs are found to be superior to aprotic ILs in many aspects, such as higher hydrogen bond donicity and ionic conductivity, better proton conduction, *etc.*,[@cit6] and have been extensively applied in many frontier areas by virtue of their dissociable protons.[@cit7] Since Brønsted acidities of functional molecules play a vital role in dictating their unique properties and applications, the knowledge of acid and base equilibria in PILs is crucial to understanding the fundamental aspects of PILs such as ionicity degree and solvation behaviours, which may provide valuable insights into rational design of PILs as reaction media.[@cit6] However, compared to the present knowledge on the bonding features in molecular solvents and in AILs, the current understanding of heterolytic bond dissociation in PILs is surprisingly limited. As a result, rationales for observations or deductions made from experimental results in PILs were almost solely based on the available acidity data measured in molecular solvents, such as water and DMSO,[@cit8] which, as already realised, do not necessarily explain the acid--base behaviours in ILs satisfactorily.[@cit9]

To the best of our knowledge, there was no study on p*K*~a~s of organic substrates in neat PILs until the recent pioneering work of Kanzaki and Umebayashi *et al.*, who used potentiometric titration to measure the acidity constants of ten O--H acids and two N^+^--H salts in pure EAN (ethylammonium nitrate, [Fig. 1](#fig1){ref-type="fig"}).[@cit10]

![The structure and abbreviation of ILs used for the acid--base equilibrium study.](c7sc05227h-f1){#fig1}

In recent years, our group has conducted a study on the p*K*~a~ scales of C--H, O--H, N--H, N^+^--H and S--H acid series in several standard AILs[@cit4a] ([Fig. 1](#fig1){ref-type="fig"}) by spectroscopic titration with high precision.[@cit4] Naturally, we intend to employ this approach to systematically study the p*K*~a~s of the relevant acid series in PILs so as to determine the specific solvation behaviours in this particular type of media.

DBU-based PILs, \[DBUH\]\[X\] (DBU: 1,5-diazabicyclo\[5.4.0\]-5-undecene; X: conjugate anions of strong acids, such as OTf^--^ or NTf~2~^--^), have been widely used as catalysts as well as reaction solvents in many synthetic and catalytic processes.[@cit11] To date, no equilibrium acidity in neat DBU-based PILs has been reported. More importantly, DBU-based PILs can serve as a model solvent for the majority of PILs that bear only one dissociable proton instead of two or three, and therefore, it should be more suitable to represent the normal type solvation characteristics of PILs in a general sense.

Results and discussion
======================

The DBU-based PIL selected for this study is \[DBUH\]\[OTf\] ([Fig. 1](#fig1){ref-type="fig"}). The equilibrium acidities for four types of bonds covering the C--H, O--H, N--H and N^+^--H acid series (**1a--5g**, altogether 42 acids) were measured in this PIL following the UV-vis indicator method employed in the AILs earlier,[@cit4] which is provided in detail in the ESI.[†](#fn1){ref-type="fn"} It is worth noting that \[DBUH\]\[OTf\] prepared from direct equimolar neutralisation between DBU and HOTf was not suitable for the p*K*~a~ measurement due to the persistent presence of a yellowish colour. Therefore, alternatively, ultrapure colourless \[DBUH\]\[OTf\] that is suitable for spectroscopic experiments was prepared by an ion exchange method (see the ESI for details[†](#fn1){ref-type="fn"}).

Unlike the acidic dissociation in the gas phase, free molecules and ions do not exist in solution, and therefore the p*K*~a~ values are solvent dependent.[@cit1e],[@cit12] In molecular solvents, the acidic dissociation involves a proton transfer between a Brønsted acid (H--A) and solvent molecule S ([Fig. 2](#fig2){ref-type="fig"}).[@cit12] In ILs, however, this could be complicated by various entities, such as free ions, ion-pairs, *etc.*, which coexist in the solution and potentially interact with the dissociated and undissociated species of H-A. In light of this, the acidic dissociation in \[DBUH\]\[OTf\] can be expressed as depicted in [Fig. 2](#fig2){ref-type="fig"}. Due to the strong coulombic interactions, protons and anions (A^--^) from acidic dissociation are preferentially solvated by \[OTf\]^--^ and \[DBUH\]^+^, respectively. However, it should be noted that currently the explicit solvent structures of ILs are still not very clear and subject to intense debate,[@cit13] and more in-depth research efforts in this respect are needed to achieve a better understanding of the solvation behaviour of ILs with respect to acidic dissociations.

![The acidic dissociation equilibrium in molecular solvent and \[DBUH\]\[OTf\].](c7sc05227h-f2){#fig2}

The p*K*~a~ scales, which are based on a carefully determined anchor p*K*~a~ (ESI[†](#fn1){ref-type="fn"}), are summarised in Tables S1[†](#fn1){ref-type="fn"} and [1](#tab1){ref-type="table"}, with a precision ≤± 0.05 p*K* units. The solvation behaviours of the PIL with respect to acidic bond dissociation equilibria of these substrates are discussed and compared with those of conventional molecular solvents (such as water and DMSO), and of EAN and AILs. Important insights into specific solvation in the PIL are drawn from these bond energetic data that should benefit the future rational exploration of PIL chemistry.

###### p*K*~a~ values of various organic acids in the PIL, AIL and molecular solvents

  Organic acid (HA)                                                                                   \[DBUH\]\[OTf\][^*a*^](#tab1fna){ref-type="table-fn"}   \[BMIM\]\[OTf\][^*b*^](#tab1fnb){ref-type="table-fn"}   DMSO[^*c*^](#tab1fnc){ref-type="table-fn"}   H~2~O[^*c*^](#tab1fnc){ref-type="table-fn"}
  --------------------------------------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------- ---------------------------------------------
  4-Chloro-2,6-dinitrophenol (**1a**)                                                                 7.4                                                     8.0                                                     3.6                                          3.0
  2,4-Dinitrophenol (**1b**)                                                                          9.0                                                     9.5                                                     5.1                                          4.1
  (CF~3~)~3~COH (**1c**)                                                                              10.5                                                                                                            10.7                                         5.1
  2-Chloro-4-nitrophenol (**1d**)                                                                     10.8                                                                                                                                                         5.4
  [^*d*^](#tab1fnd){ref-type="table-fn"}Tropolone (**1e**)                                            12.4                                                    14.7                                                                                                 6.7
  4-Nitrophenol (**1f**)                                                                              12.8                                                                                                            11.0                                         7.1
  4-Cyanophenol (**1g**)                                                                              13.8                                                                                                            13.3                                         8.0
  PhNH~3~^+^ OTf^--^(**2a**)                                                                          7.5                                                                                                             3.6                                          4.6
  PhNH~3~^+^ NTf~2~^--^(**2b**)                                                                       7.4                                                                                                                                                          
  PhNH~3~^+^ Cl^--^(**2c**)                                                                           7.4                                                                                                                                                          
  [^*e*^](#tab1fne){ref-type="table-fn"}PyrH^+^ OTf^--^(**2d**)                                       8.2                                                                                                             3.4                                          5.2
  [^*e*^](#tab1fne){ref-type="table-fn"}PyrH^+^ NTf~2~^--^ (**2e**)                                   8.3                                                                                                                                                          
  [^*e*^](#tab1fne){ref-type="table-fn"}PyrH^+^ Cl^--^ (**2f**)                                       8.3                                                                                                                                                          
  [^*f*^](#tab1fnf){ref-type="table-fn"} ^,^ [^*g*^](#tab1fng){ref-type="table-fn"}ImH^+^ (**2g**)    10.4                                                                                                            6.4                                          7.0
  [^*f*^](#tab1fnf){ref-type="table-fn"} ^,^ [^*h*^](#tab1fnh){ref-type="table-fn"}MorH^+^ (**2h**)   11.5                                                                                                            9.2                                          8.4
  [^*f*^](#tab1fnf){ref-type="table-fn"}PhCH~2~NH(CH~3~)~2~^+^ (**2i**)                               12.4                                                    12.2                                                    7.6                                          9.0
  [^*f*^](#tab1fnf){ref-type="table-fn"}PhCH~2~NH~3~^+^ (**2j**)                                      12.7                                                                                                            10.2                                         9.4
  5-Thiomethyltetrazoles (**3a**)                                                                     10.4                                                                                                            6.1                                          4.3
  Tetrazoles (**3b**)                                                                                 10.5                                                                                                            8.2                                          4.9
  5-Methyltetrazoles (**3c**)                                                                         11.4                                                    12.9                                                                                                 5.6
  5-Chlorobenzotriazole (**3d**)                                                                      12.8                                                    14.4                                                                                                 7.7
  Benzotriazole (**3e**)                                                                              13.6                                                    15.6                                                    11.9                                         8.6
  5-Methylbenzotriazole (**3f**)                                                                      13.9                                                                                                                                                         8.9
  Trifluoroacetic acid (**4a**)                                                                       5.6                                                                                                             3.6                                          0.23
  CF~3~CH~2~COOH (**4b**)                                                                             9.4                                                                                                                                                          3.1
  4-NO~2~C~6~H~4~CH~2~COOH (**4c**)                                                                   10.3                                                                                                                                                         3.9
  Benzoic acid (**4d**)                                                                               11.0                                                    13.3[^*c*^](#tab1fnc){ref-type="table-fn"}              11.0                                         4.2
  Acetic acid (**4e**)                                                                                11.8                                                                                                            12.3                                         4.8
  4-NO~2~C~6~H~4~CH(CN)~2~ (**5a**)                                                                   5.2                                                     5.1[^*c*^](#tab1fnc){ref-type="table-fn"}               --1.8                                        2.3
  4-CNC~6~H~4~CH(CN)~2~ (**5b**)                                                                      6.4                                                     6.4[^*c*^](#tab1fnc){ref-type="table-fn"}                                                            
  4-CF~3~C~6~H~4~CH(CN)~2~ (**5c**)                                                                   7.4                                                     7.5[^*c*^](#tab1fnc){ref-type="table-fn"}                                                            
  4-ClC~6~H~4~CH(CN)~2~ (**5d**)                                                                      8.8~5~                                                  8.9[^*c*^](#tab1fnc){ref-type="table-fn"}               3.1                                          
  PhCH(CN)~2~ (**5e**)                                                                                9.8                                                     9.8[^*c*^](#tab1fnc){ref-type="table-fn"}               4.2                                          5.8
  4-MeOC~6~H~4~CH(CN)~2~ (**5f**)                                                                     11.1                                                    11.1[^*c*^](#tab1fnc){ref-type="table-fn"}              5.7                                          
  9-Cyanofluorene (**5g**)                                                                            13.8                                                    13.8[^*c*^](#tab1fnc){ref-type="table-fn"}              8.3                                          10.7

^*a*^SD ≤ ± 0.05 p*K* units.

^*b*^\[BMIM\]^+^ = 1-butyl-3-methylimidazolium.

^*c*^ [@cit1f].

^*d*^2-Hydroxy-2,4,6-cycloheptatrien-1-one.

^*e*^Pyr = pyridine.

^*f*^The counter-anion is OTf^--^.

^*g*^Im = imidazole.

^*h*^Mor = morpholine.

As is well known, the acidity scale in water provides the so-called "free-ion" p*K*~a~s, as facilitated by the high polarity (*ε* = 78.4 ([@cit14])) and strong H-bonding ability of water. This feature allows cations and anions to be fully solvated, respectively, by solvent molecules to avoid the formation of ion-pairs or other specific ion associations, so as to warrant the measurement of the "true p*K*~a~" in water. Besides the scale in water, the only energetic scale showing a similar feature, but the most commonly used in current organic chemistry, is the p*K*~a~ scale in DMSO,[@cit1d] due also to its high polarity (*ε* = 46.5 ([@cit15])) and strong proton affinity.[@cit16] However, this is not without exception. As is well realised, acidic dissociation of phenols and benzoic acids is subject to a homoassociation complication ([Fig. 3](#fig3){ref-type="fig"}) in DMSO, because the solvent alone is unable to provide sufficient solvation-stabilisation for incipient oxanions.[@cit17] Similar phenomena were also found in our earlier p*K*~a~ measurement of benzoic acids[@cit4b] and phenols[@cit18] in AILs. The deviation caused by this homoassociation complication in the measured p*K*~a~ values could be quite large (usually 0.5--1 p*K* units),[@cit4b],[@cit17],[@cit18] which could be serious enough to mislead the interpretations of experimental data. It should be remembered that this kind of perturbation in the derived p*K*~a~, if it occurred, could not be readily recognized by experimental approaches other than photometric titration.[@cit1c],[@cit17] Fortunately, all the data for O--H acids in Bordwell\'s p*K*~a~ scale measured by the indicator-overlapping method have already been corrected for this deviation,[@cit17c] and so, it would be safe to use those "ion-pair free" acidities as reported, as for our p*K*~a~ data in AILs.[@cit4]

![The homoassociation phenomena in dipolar aprotic solvents.](c7sc05227h-f3){#fig3}

Surprisingly, no sign of the homoassociation phenomenon was detected here in the p*K*~a~ measurement of benzoic acids, phenols and other O--H acids in [Table 1](#tab1){ref-type="table"} in \[DBUH\]\[OTf\] (ESI, Table S2[†](#fn1){ref-type="fn"}), although this phenomenon is generally observed between weak acids and bases even in solvents as strongly polar as DMSO. This implies that the involved oxanions can be fully solvation-stabilised by the PIL through solvation without invoking additional ion-interactions like homoassociation for further stabilisation under our experimental conditions (ESI[†](#fn1){ref-type="fn"}). This is unexpected, especially to most organic chemists, because when the solvation effect is compared, they usually use the conventional solvent polarity index *ε* to make a judgment, but the present observation clearly indicates the failure of such an index in the IL[@cit19] though it has been of general success in most cases in molecular media.

The absence of the homoassociation effect in \[DBUH\]\[OTf\] also suggests that all the oxanions of this study can exist in the form of "free ions" (*i.e.*, no specific ion association besides with solvent) at low concentrations, due to the unexpected strong solvation of the PIL. The "free" status of the dissociated ions in the PIL can also be realised by precise p*K*~a~ measurement of organic salts. As shown in [Table 1](#tab1){ref-type="table"} (entries **2a--2c**), the p*K*~a~ values of PhNH~3~^+^X^--^, where X = Cl, OTf, or NTf~2~, are identical, regardless of the dramatic difference of their size and basicity.[@cit20] This is also true for the PyrH^+^X^--^ salts (entries **2d--2f**). This implies that the counter-anion of the salts cannot be in the vicinity of its cation counterpart (a prerequisite for forming an ion-pair[@cit12a],[@cit21]), because, if it were the opposite, the positive charge on N^+^ would, at least, be partially neutralised, and as a consequence, the N^+^--H bond would have become less acidic. Obviously, this is not the case. Thus, the present findings, together with those reported earlier in AILs,[@cit4e] suggest a perhaps universal phenomenon for both PILs and AILs of moderately low to high polarity, that is, there should be no serious specific ion association for ions in dilute IL solution.

Specific ion association is a widely accepted phenomenon for ions in ILs, though it is not without debate.[@cit13],[@cit22] As addressed above, homoassociation is a generally observed phenomenon for oxanions in aprotic molecular solvents as strongly polar as DMSO[@cit17c] and also in weakly polar protic solvents,[@cit1c],[@cit12a] due to the strong H-bond acceptability of oxanions towards their parents which are excellent H-bond donors. Hence, the absence of both these phenomena in the PIL used in the present study may be unintuitive, and must be related to an unexpected strong hydrogen donicity of \[DBUH\]^+^ whose solvation behaviour should be further understood. From our point of view, the enhanced solvability of this PIL must be mainly due to the even stronger H-bond stabilisation of oxanions by \[DBUH\]^+^, as judged by its much greater acidity in DMSO (p*K*~a~ = 13.9 ([@cit1f])) than that for the cation of AIL \[BMIM\]^+^ (22.0 ([@cit1f])), where homoassociation was observed.

If as was addressed above the solvation stabilisation of solute ions by this PIL is indeed very strong, a question should be asked, that is, would the hydrogen donicity of \[DBUH\]^+^ be too strong to level out all the solvation differences of various species in the PIL as was reported for EAN.[@cit10] In this regard, regression analysis would be the most convenient and reliable tool for differentiating the role of solvation by the PIL in various substrate series. Accordingly, a linear free energy relationship (LFER) study was conducted, and the result is exhibited in [Fig. 4](#fig4){ref-type="fig"}.

![Correlations between p*K*~a~s of N--H (■), N^+^--H (▲), O--H (◆), and carboxylic (RCOOH, ) acids in \[DBUH\]\[OTf\] and those in water; the linearity (*R*^2^) of each individual correlation is better than 0.991 (ESI[†](#fn1){ref-type="fn"}). The ESI provides further details of the acidity correlation equations between these two solvents (eqn S3--6[†](#fn1){ref-type="fn"}).](c7sc05227h-f4){#fig4}

[Fig. 4](#fig4){ref-type="fig"} demonstrates the LFER lines for the p*K*~a~s of benzoic acids, N--H acids, phenols, and N^+^-H acids in \[DBUH\]\[OTf\] ([Table 1](#tab1){ref-type="table"}, entries **1a--4e**) against the corresponding values in water.[@cit1f] The most noteworthy features of these lines are that they all show an excellent linearity (*R*^2^ ≥ 0.991, ESI[†](#fn1){ref-type="fn"}) and that each substrate series demonstrates its own characteristic line which is not overlapping with the LFERs of other substrate families. It is known that LFERs are separated for different families of acids with various electronic and structural features.[@cit23] In light of this, it is surprising that a recent study by Kanzaki *et al.* obviously showed only one straight line (ESI, Fig. S25[†](#fn1){ref-type="fn"}), though a bit rough, between the p*K*~a~s in EAN and in water for the 12 acids bearing different charges (neutral, cationic and anionic).[@cit10b] As explained there, that should be caused by the higher acidity of HNO~3~ in EAN than that of H~3~O^+^ in water, but not by the difference in the solvation state of the ions, which raises hope for the authors "to establish a pH scale that is universally applicable to protic solvents, both molecular and ionic", regardless of the substantial difference of these two media categories in solvation. However, the precisely determined p*K*~a~ data shown here in [Table 1](#tab1){ref-type="table"} clearly indicate an alternative possibility, that is, the so-stated universally applicable pH scale may be true for the type of PILs that bear more than one donative proton like EAN, but not for the majority of PILs as represented by \[DBUH\]\[OTf\] that have one H-bond donor. The distinctive behaviour of solvation between these two typical types of PILs as shown by the single-line *vs.* multiline LFERs could be understood, however, by considering that, compared to \[DBUH\]^+^, the ethylammonium cation of EAN is small in size and has three potential H-bond donors instead of one. These structural features could cause EAN to behave in a way reminiscent of water to form highly cross-linked networks by virtue of its multi-H-bond donors.[@cit24] In other words, the solvent components in EAN could be more structured than in \[DBUH\]\[OTf\], and thus, the solvation sensitivity towards structural variations of various series should not be as strong as that of \[DBUH\]\[OTf\]. Actually, EAN may be considered as a special case with respect to solvation patterns for PILs. The present results indicate that the number of proton donors in PILs plays a subtle but crucial role in the solvation behaviour of PILs.

One may have noted that the carbon acid (C--H) series ([Table 1](#tab1){ref-type="table"}, entries **5a--5g**) is missing from the LFERs given in [Fig. 4](#fig4){ref-type="fig"}. This is due primarily to the consideration of the remarkable difference between carbanions and heteroatom anions in solvation, not just due to the lack of the corresponding data in water. It is well realised that compared to heteroatom anions, carbanions, especially those that have extensively delocalised charge and are large in size like **5a--5g**, are poorly solvated by H-bonding even in protic solvent. As a consequence, their solvation should not be expected to resemble that of heteroatom anions (*i.e.*, all the other entries in [Table 1](#tab1){ref-type="table"}) in either water or PIL, but rather, it is likely to mimic the solvation observed in an aprotic solvent. Indeed, when the p*K*~a~ values of **5a--5g** in \[DBUH\]\[OTf\] are plotted against those in DMSO and in the aprotic IL \[BMIM\]\[OTf\], excellent linear correspondences were observed in both solvents (ESI, Fig. S20 and S23,[†](#fn1){ref-type="fn"} *R*^2^ = 0.992 and 0.999, respectively). This, again, indicates that there is no simple correlation pattern between solvation effects in protic molecular and protic ionic solvents for acid dissociation (ESI, Fig. S21 and S22[†](#fn1){ref-type="fn"}). Interestingly, one may also find that these C--H acids have essentially identical p*K*~a~s in \[DBUH\]\[OTf\] and in \[BMIM\]\[OTf\] ([Table 1](#tab1){ref-type="table"} and Fig. S20,[†](#fn1){ref-type="fn"} compared with other acid series), despite their conceptual distinction and the tremendous difference between the PIL and the AIL in terms of H-bond donicity. Actually, this is not too hard to understand, because H-bonding, usually the most powerful tool for a PIL to play its role in solvation, is not applicable in the case of carbanions, which induced a changeover for \[DBUH\]^+^ from largely relying on the H-bond in solvation to a more general solvation pattern like that of its aprotic counterpart, the \[BMIM\]^+^ cation.

Conclusions
===========

In summary, the equilibrium acidities of the O--H, N--H, N^+^--H and C--H acid series listed in [Table 1](#tab1){ref-type="table"} were systematically studied for the first time in a neat PIL with high precision. Unlike the acidity measurement of O--H acids in DMSO, no homoassociation was found in the acidic dissociation of all O--H acids examined in \[DBUH\]\[OTf\], indicating a "super-dissociating" feature of this PIL and its similarity to the H-bond based solvation of water, where salts are free from all specific ion associations (homoassociation, ion-pairing, *etc.*) in dilute solution except with the solvent molecule. Regression analyses between the acidity in the PIL and in water showed excellent linearity for each individual heteroatom acid series with its own slope and intercept, but not for the C--H acid series. The latter, however, was found to correlate quite nicely with the corresponding data derived from either the aprotic molecular solvent DMSO or the aprotic ionic solvent \[BMIM\]\[OTf\], as a result of the diminishing role of hydrogen bonding in the case of carbanions. These observations identify the DBUH^+^-based PIL as a superior probe to EAN in differentiating the solvation effect in the PIL, and imply that there is no simple solvation pattern for the PIL to stabilise the dissolved species of different structures and charges in general.

Experimental section
====================

The measurement procedures employed when using the UV-vis indicator spectroscopic method were similar to those reported previously.[@cit4] In brief, firstly the acidity of an anchor compound, *i.e.* 4-nitrophenylmalononitrile in this work, was obtained by self-dissociation in \[DBUH\]\[OTf\], and then the p*K*~a~s of a series of indicator acids (acidity ladder) were determined based on this anchor point. The p*K*~a~ of other acids employed in this work was then measured by referencing to one or two of these indicator acids through titration. Taking a typical run as an example, the p*K*~a~ measurement of other acids was commenced by degassing and weighing a specially made UV cell, followed by the adding of 1.5 ml of \[DBUH\]\[OTf\] and 40 mg of base into the cell. An indicator acid of known p*K*~a~ was added dropwise after the cell was weighed again and a baseline was recorded. Monitored by the UV machine, after the base, DBU, was fully consumed by normally 6--8 drops of the indicator acid, an excess amount of indicator solution was added. During the titration, the spectrum and weight upon each addition was recorded. Next the target acid of interest was added in several portions. The weight of the UV cell and the corresponding spectrum were also recorded upon each addition. The corresponding p*K*~a~ was obtained with the data derived from the change of absorbance and the amount of acid added. See the ESI[†](#fn1){ref-type="fn"} for details of building up the acidity ladder, p*K*~a~ measurement, the synthesis of ultrapure \[DBUH\]\[OTf\] through ion exchange, and regression analyses.
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